Abstract: Nonthyroidal illness (NTI), often observed in critically ill patients, arises through diverse alterations in the hypothalamuspituitary-thyroid (HPT) axis. However, the causal relationship between underlying disease and NTI diversity in critically ill patients is poorly understood.
INTRODUCTION
N onthyroidal illness (NTI) syndrome, also known as ''sick euthyroid syndrome'' or ''low T3 syndrome,'' can be described as variations in the results of thyroid function tests (TFTs) in the absence of hypothalamic-pituitary and thyroid gland dysfunction. The early adaptive stage of NTI usually presents as low triiodothyronine (T3) or thyroxine (T4) levels, without an increase in thyrotropin (TSH). In a clinical setting, NTI is frequently observed in patients with acute or chronic critical illnesses who require treatment in the intensive care unit (ICU). [1] [2] [3] [4] However, the pathophysiology of NTI is unclear. During the acute phase of critical illness (e.g., postsurgery or severe physical stress), circulating levels of T3 fall rapidly. These changes are generated by reduced levels of thyroid hormone binding proteins such as thyroxine binding globulin and albumin; thyroid hormone is easily released from thyroid hormone binding proteins due to a reduction in their binding affinity, leading to incremental increases in the clearance of thyroid hormone. 5 In addition, alterations in the peripheral conversion of T4, mainly due to decreased type-1 deiodinase (D1) activity and increased type-3 deiodinase (D3) activity, induce the generation of reverse (r)T3. 6, 7 Although all these changes reduce circulating T3 levels, plasma TSH concentrations usually remain normal. 4 During a prolonged phase of critical illness, central suppression of the hypothalamus-pituitary-thyroid (HPT) axis occurs. 8 As hypothalamic stimulation of the pituitary thyrotropes diminishes, the production and release of thyroid hormones is further reduced; this can resemble central hypothyroidism, characterized by low plasma levels of unbound T4 and/or low TSH concentrations. At this stage, pulsatile TSH secretion is almost abrogated. 9 However, the mechanism underlying NTI progression from an adaptive response to a noncompensatory or maladaptive process that triggers hypothalamic suppression is poorly understood. 3 Recent studies suggest that cytokines such as tumor necrosis factor-alpha (TNF-a), interferon-gamma (IFN-g), interleukin (IL)-1, and IL-6 are potential mediators of NTI. These cytokines directly downregulate various components of the thyroid hormone synthesis pathway at the thyrocyte level [10] [11] [12] [13] [14] [15] [16] ; however, no study has examined the role of cytokines in NTI progression in large human cohorts.
Because NTI in patients with a critical illness could be either adaptive or maladaptive, 17 NTI during the acute phase of critical illness is beneficial; however, it may be deleterious during the prolonged phase. The latter interpretation stems from the observation that changes in plasma thyroid hormone levels are related to the risk of adverse outcomes.
18-20 Here, we examined the correlation between NTI severity and adverse outcomes. In addition, we investigated NTI severity with respect to underlying disease.
METHODS

Study Population
The medical records of 616 patients admitted to the medical and surgical ICU at Severance Hospital, Yonsei College of Medicine (Seoul, South Korea) between January 2009 and October 2014 were retrospectively reviewed. All patients underwent a TFT (T3, fT4, TSH) while being treated in the ICU. Of the 616 patients, 403 were excluded under the following exclusion criteria: patients had subclinical or clinical thyrotoxicosis/hypothyroidism before admission to the ICU 21 ; patients had pre-existing thyroid or pituitary-hypothalamic disease; patients had liver or renal disease, such as liver cirrhosis, nephrotic syndrome, and renal failure; patients had brain injury or surgery for brain tumor; or patients were taking levothyroxine, thyrostatic agents, or drugs that affect thyroid function (e.g., amiodarone, lithium, glucocorticoid, salicylates, furosemide, ferrous sulfate, phenytoin, carbamazepine, or phenobarbital). Finally, 213 patients, 202 with NTI (32.8%) and 11 with normal thyroid function (1.8%), were included in the study. The 202 NTI patients were divided into 3 groups according to NTI severity as previously proposed by a textbook 22 : mild NTI (n ¼ 113), moderate NTI (n ¼ 78), and severe NTI (n ¼ 11) (Supplementary Table 1 , http://links.lww.com/MD/A888). The study was approved by the Institutional Review Board, which waived the requirement for informed consent because of the retrospective design of the study.
TFT, Biochemical Measurements, and Acute Inflammatory Indices
All blood samples were obtained after fasting patients for 12 hours. Serum-bound T3, free T4, and TSH were measured in a chemiluminescent microparticle immunoassay (Architect System; Abbott Ireland Diagnostic Division, Lisnamuck, Longford, Co. Longford, Ireland). The reference ranges were as follows: 0.58 to 1.59 ng/dL for bound T3, 0.70 to 1.48 ng/dL for free T4, and 0.35 to 4.94 mIU/mL for TSH. The most severe TFT results were analyzed. Serum total protein and albumin levels were measured using the Hitachi 7600 DDP analyzer (Hitachi High Technologies Co., Tokyo, Japan). Serum C-reactive protein (CRP) concentrations were measured using a nephelometric method (Beckman Coulter, Fullerton, CA). The erythrocyte sedimentation rate (ESR) was assessed using the Westergren method (Alifax, Padova, Italy). The reference ranges were as follows: 6 to 8 g/dL for total protein, 3.3 to 5.3 g/dL for albumin, 0 to 8 mg/L for CRP, and 0 to 20 mm/hour for ESR.
Diagnosis of Underlying Disease, Patient Outcome, and Drugs as Confounders
The main diagnoses upon admission to the ICU were recorded for analysis. In terms of patient outcome, all-cause mortality (ACM) and the length of stay (LOS) in the ICU were examined. Initiation of levothyroxine, hypothalamic-releasing factor, thyrostatic agent, dopamine, amiodarone, or steroid treatment in the ICU was also examined to determine whether NTI severity is an independent risk factor for a poor outcome.
Statistical Analysis
Continuous variables were compared using either the 2-tailed Student t test or analysis of variance (ANOVA) test, and categorical data were compared using either a 2-tailed x2 test or Fisher's exact test. The relationship between NTI severity and ACM was analyzed using a multivariate logistic regression model adjusted for age, gender, and the use of drugs that can affect thyroid function. Pearson's correlation coefficient was used to examine the association between thyroid hormone levels and acute inflammatory indices. Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS) software for Windows (Version 21.0; IBM Corp., NY) or GraphPad Prism (GraphPad Software, Inc., San Diego, CA). P value less than 0.05 was considered statistically significant.
RESULTS
Baseline Patient Characteristics
The baseline characteristics of the 213 patients with normal thyroid function or NTI are listed in Table 1 . Of these, 11 had normal thyroid function and the other 202 had NTI, classed as mild (n ¼ 113, 55.9%), moderate (n ¼ 78, 38.6%), or severe (n ¼ 11, 5.4%). There was no significant difference between the groups with respect to age and gender. As expected, NTI severity was closely related to T3, fT4, and TSH values (P < 0.0001). In addition, NTI severity also correlated with serum total protein (P < 0.0001) and albumin (P ¼ 0.002) levels.
Association Between NTI Severity and Patient Outcome
We next examined the relationship between NTI severity and ACM and LOS. NTI severity was strongly associated with ACM (P < 0.0001; Figure 1A ). In particular, ACM for patients with moderate or severe NTI was significantly higher than that for patients with mild NTI (P ¼ 0.001; Figure 1A ). LOS in the ICU was also related to NTI severity (P ¼ 0.031; Figure 1B ). To determine whether NTI is an independent risk factor for ACM, we used a multivariate logistic regression model adjusted for age, gender, and use of drugs that can affect thyroid function (such as dopamine, amiodarone, and steroids). Patients were split into 2 groups: Group I contained patients with normal or mild NTI, and Group II contained patients with moderate or severe NTI. According to model 1 (adjusted for age and gender), the risk of ACM was significantly higher in Group II [odds ratio (OR) ¼ 3.519; 95% confidence interval (95% CI) ¼ 1.975-6.271; P < 0.0001; Table 2 ]. According to model 2 (adjusted for age, gender, and the use of drugs that can affect thyroid function, prescribed after ICU admission), the risk of ACM was again higher for Group II (OR ¼ 3.101; 95% CI ¼ 1.711-5.618; P < 0.0001; Table 2 ).
NTI Severity and Infection
Because we observed a positive correlation between NTI severity and ACM and LOS, we next investigated the relationship between NTI and the underlying diseases that caused patients to be admitted to the ICU. NTI was more severe in patients with infectious diseases such as pneumonia and infections of nonlung origin (Table 3) . To examine the effect of infection on NTI severity, we sorted the study patients into 2 groups: those with infectious disease and those with noninfectious disease (n ¼ 75 and n ¼ 138, respectively). There was a significant difference in CRP levels between those with infectious disease and those with noninfectious disease, indicating that the sorting was conducted appropriately (Supplementary  Table 2 , http://links.lww.com/MD/A888). The percentage of patients with moderate or severe NTI was significantly higher in the infectious disease group (P ¼ 0.012); in particular, severe NTI was only observed in the infectious disease group (Figure 2 ).
Association Between NTI Severity and Acute Inflammatory Indices
To verify the relationship between NTI severity and infectious disease, we examined the relationship between NTI severity and acute inflammatory indices such as CRP levels and the ESR. CRP levels tended to increase according to NTI severity (P ¼ 0.045; Figure 3A , upper panel). In addition, CRP levels were significantly higher in NTI group II than in NTI group I (P ¼ 0.016; Figure 3A , lower panel). By contrast, there was no significant difference in ESR levels between the 2 groups. CRP levels in the infectious disease group also tended to increase with NTI severity, although the difference was not statistically significant (Supplementary Figure 1 , http://links.lww.com/MD/A888). Finally, we performed bivariate correlation analysis to explore the correlation between thyroid hormone and CRP levels, and found that T3 levels negatively correlated with CRP levels (r ¼ À0.199; P ¼ 0.004; Figure 3B ).
DISCUSSION
This cohort study examined the association between NTI severity and patient outcome (ACM and LOS in the ICU). In addition, to understand the relationship between NTI severity and underlying disease, we also examined the etiology underlying NTI in our study patients. NTI severity was associated with an increased risk of an adverse outcome; the correlation remained statistically significant even after adjusting for iatrogenic drug interference. NTI was more severe in the group with infectious disease than in the group with noninfectious disease; moreover, CRP levels were significantly higher in those with more severe NTI. These findings suggest that NTI severity is an independent risk factor for an adverse outcome for critically ill patients, and that infectious diseases play a role in the development of moderate-to-severe NTI. To the best of our knowledge, this is the first population-based cohort study to examine patient outcomes with respect to NTI severity, and the association between NTI severity and infection in critically ill patients. NTI is an adaptive response that occurs during the acute phase of a critical illness; however, it can be deleterious during a prolonged critical illness. As mentioned previously, during the acute phase of a critical illness, circulating T3 levels fall rapidly, accompanied by an acute rise in rT3. These changes mainly result from changes in the circulation and peripheral organs such as reduced thyroid hormone binding and increased inactivation of thyroid hormones by type-3 deiodinases. Meanwhile, during the prolonged phase, central suppression of the HPT axis occurs. Here, we found that the more severe the NTI, the lower the total protein and albumin levels. Moreover, serum T3 levels were positively correlated with plasma protein and albumin levels (Supplementary Figure 2, http://links.lww.com/MD/ A888). These results indicate that reduced thyroid hormone binding (due to reduced protein and albumin levels) plays a role in the development of NTI; this condition is probably persistent, even in cases of moderate or severe NTI involving hypothalamic suppression.
A few studies exploring the relationship between NTI and outcome in critically ill patients have been published.
18,23 -28
Two of these show that reduced fT4 levels are associated with mortality independently of TSH levels, 25, 27 whereas others found that T3 is a major predictor of survival. 26, 28 However, all of these studies were conducted on small numbers of selected patients. Here, we assessed thyroid function in 616 patients admitted to the ICU, and examined the association between NTI and outcomes in a final group of 202 patients with NTI; this is one of the largest cohorts reported to date. To minimize the effects of confounding factors, we excluded patients with underlying liver or renal diseases because these diseases can affect thyroid function directly by decreasing thyroid hormone binding capacity or changing clearance, which can make the severity of NTI worse than those caused by event-related changes. Several studies show that NTI is associated with patient outcome in specific clinical settings. 19, 20, [29] [30] [31] [32] For example, Tognini et al reported that T3 levels are associated with short-term survival in a hospitalized older population, 20 and Meuwese et al reported that fT3 levels were negatively associated with vascular calcification in patients with end-stage renal disease. 30 However, these results are not generalizable to the association between NTI and critical illness. Furthermore, few studies have examined patient outcome according to NTI severity. Plikat et al reported that patients with low fT3 and fT4 levels had a higher mortality than patients with normal thyroid function and low fT3 levels. However, additional reductions in TSH levels, that is, severe NTI indicating central suppression of the HPT axis, did not affect patient outcome, including mortality. 2 Here, we found that mortality was higher for patients with severe NTI (90.9%) than for those with mild or moderate NTI (37.2% and 61.5%, respectively), indicating that NTI severity is an important risk factor for an adverse outcome in critically ill patients.
Inflammatory cytokines are linked to the development of NTI. According to several studies, IL-1a and IL-1b inhibit both 125 I uptake and thyroid hormone secretion by human-cultured thyrocytes in the presence of TSH. 33 IL-6 also inhibits TSHinduced increases in thyroid peroxidase mRNA expression and T3 release by thyrocytes obtained from patients with Graves' disease.
14 Furthermore, TNF-a and IFN-g directly downregulate several components of the thyroid hormone synthesis pathway at the thyrocyte level. 11, 34, 35 Also, thyroid hormone FIGURE 2. NTI severity in patients with infectious disease and noninfectious disease. NTI was significantly more severe in the patients with infectious disease than in those with noninfectious disease. Data were examined using Fisher's exact test. NTI ¼ nonthyroidal illness. levels in an animal model fell after the administration of inflammatory cytokines. 36 Accordingly, a few human studies describe a negative relationship between IL-6 and fT3 levels. [37] [38] [39] Consistent with these previous reports, we found that NTI is more severe in patients with infectious disease than in those with noninfectious disease, and that NTI severity is significantly associated with higher CRP levels, which are directly related to IL-6 levels. 20 Moreover, T3 levels inversely correlated with CRP levels. However, this association lost significance when analyzing patients with infectious disease, although the trend was maintained. This might be because patients with infectious disease have worse liver function than patients with other diseases (possibly due to sepsis), which affects CRP levels. 40 Overall, the present study supports the hypothesis that inflammatory cytokines, along with binding proteins and deiodinases, play a pivotal role in the development of NTI as well as in the crosstalk between NTI and infection.
There is much controversy surrounding the treatment of patients with NTI. Previous studies used animal models to examine the effect of treatment with thyroid hormones (T3 and T4) compared with treatment with releasing factors such as thyrotropin-releasing hormone (TRH) or growth hormonereleasing hormone (GHRH). [41] [42] [43] These studies demonstrate that during a prolonged critical illness, treatment with T3 or T4 does not increase plasma thyroid hormone levels, whereas infusion of TRH increases plasma T3 and T4 levels. Furthermore, as the main cause aggravating NTI during a prolonged phase of critical illness is central suppression of the HPT axis rather than thyroidal capacity or changes in peripheral metabolism, treatment with hypothalamic-releasing factors such as TRH or GHRH may be better and more rational than treatment with thyroid hormones. However, few studies have investigated the effect of treatment with hypothalamic-releasing factors on patient outcomes in adequately powered randomized controlled trial. With regard to treatment of NTI during an acute phase of critical illness, underlying diseases have been treated without thyroid hormone replacement therapy, as NTI is an adaptive response to reduce energy expenditure by lowering T3 levels. 3 According to our current treatment policy, which is based on treatments reported in the relevant literature, we commonly monitor the thyroid function of patients with NTI but without performing thyroid hormone supplementation or treatments with hypothalamic-releasing factors, while maintaining treatment for the underlying disease. The present study showed that NTI was more severe in patients with infectious disease, and that patient outcomes were worse for patients with moderate or severe NTI. Therefore, future studies should enroll patients with infectious disease who have moderate-to-severe NTI and examine the effect of treatment with hypothalamic-releasing factors on patient outcomes.
One limitation of the present study is its retrospective and observational design. This may lead to selection bias and the presence of confounding factors, although iatrogenic drug interference was excluded.
In conclusion, the severity of NTI is associated with adverse outcomes for critically ill patients, even after excluding confounding factors. Also, NTI is more severe in patients with infectious disease, possibly due to the presence of pro-inflammatory cytokines. Future studies should focus on the biological and clinical implications of infection with respect to the HPT axis. Furthermore, the outcomes of patients with infectious disease and moderate-to-severe NTI should be examined after treatment with hypothalamic-releasing factors. 
